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Introduction
A blood blister aneurysm (BBA) is a small, fragile, and broad-based outpouching of a non-branching segment of an intracranial artery. Histologically, these lesions are composed of a thin layer of adventitia covering a defect of the intima and media layers [1, 2, 3] . The pathophysiology of how BBAs form is unclear, but some evidence suggests that these aneurysms arise due to hemodynamic stress causing a focal injury to the vascular lumen. They comprise about 1-2% of all intracranial aneurysms [1, 4] . Although BBAs are most common in the supraclinoid portion of the internal carotid artery, they can occur on any intracranial artery [3, 5] . Since they are particularly fragile and small in size, diagnosis and treatment remain a serious challenge.
Very small aneurysms (VSAs) are defined as saccular aneurysms 3 mm in maximum diameter. Endovascular coil embolization of ruptured cerebral VSAs or BBAs is known to be 5 times more likely to result in procedure-related rupture compared to larger aneurysms [1, 6] .
Apart from histopathological differences between, BBAs and wide necked VSAs, both face a similar treatment dilemma. While various opensurgical and endovascular techniques have been suggested as possible treatment, the incidence of intra-operative rupture, and subsequent risk for morbidity and mortality is still high [2, 6, 7] . Endoluminal reconstruction using flow diversion represents a recently suggested safe treatment alternative for both BBAs and wide necked VSA as it does not require direct manipulation of the aneurysm [8] . Current data on flow diversion for this application, however, are limited [2, 6, 8, 9] . Here, we report a single center retrospective case series of flow diversion for BBAs and wide necked VSAs and evaluate safety and efficacy.
Materials & methods

Records of patients with blood blister aneurysms and wide necked
VSAs presenting with subarachnoid hemorrhage (SAH) between July 2014 to March 2016 were retrospectively reviewed. Small, broad based, wide necked fragile aneurysms size 3mm with similar properties as BBAs were considered as VSAs. Blood blister aneurysms or VSAs were identified as the source of bleeding in all included patients. WFNS grade, GCS score, and Fisher CT grading were recorded in all patients. The study was approved by the local institutional review board and investigations were conducted in accordance with the principles of the declaration of Helsinki.
Timing of treatment
Patients were treated within 48 h of the onset of the hemorrhage if they did not require an external ventricular drainage (EVD) and if their Fisher CT grade was favorable (Fisher grade 1 and 2). Patients with poor clinical presentation defined as GCS of 8 or Fisher grade >2, were treated in a delayed fashion. This was also true for patients requiring an EVD followed by a permanent ventriculoperitoneal (VP) shunt after they had shown signs of recovery.
Procedural details
Flow diversion was performed under general anesthesia. Nasogastric or orogastric intubation was performed in all cases. A 90 cm femoral long sheath was introduced into the right or left common femoral artery up to the respective internal carotid or vertebral artery. Either a 5F or a 6F Navien (Medtronic, Irvine, CA, USA) intracranial support catheter was then inserted in the involved vessel proximal to the aneurysm using a hydrophilic guiding wire. A microcatheter, either a Marksman for Pipeline (Medtronic, Irvine, CA, USA) or Vasco 27 for Silk (Balt Extrusion, Montmorency, France), was navigated past the aneurysm and, the flow diverter was positioned in the aneurysmal segment of the affected artery. Surpass (Stryker, Neurovascular Fremont, CA, USA) was directly positioned over a microwire at the proper site without need for microcatheter access. Thereafter, 650 mg of aspirin were administrated via a gastric tube. After 20 min as well as prior to stent deployment, a systemic anticoagulant was administered with an initial IV bolus of heparin 60-70 units/kg (maximum 5000 units) targeted to an activated clotting time of 250-300 s followed by an IV infusion of 1000 units/hr, and the aneurysm was covered with the flow diverter. After successful placement, all patients received 600 mg of Clopidogrel as loading doses through a nasogastric or orogastric tube, and continued with 75 mg of Clopidogrel and 325 mg of aspirin daily until 6 month and continued only with Clopidogrel to 1 year. . Systemic heparin infusion was maintained for 24 h. Heparin infusion was monitored by repeated measurements of the activated partial thromboplastin time (aPTT) to keep it between 1.5 and 2.5 times of baseline. Follow-up digital subtraction angiography (DSA) was performed 6 months after the procedure. Outcomes were reviewed by an experienced endovascular neurosurgeon. Functional outcome was assessed using the GCS at discharge and modified Rankin Scale (mRS) at 6 months.
Results
Eighteen patients diagnosed with SAH from a blister or wide necked VSA were included in this study. This included 12 (66.7%) VSAs and 6 (33.3%) BBAs. The median age of patients was 52.5 years. Of the 18 patients, 10 (55.6%) were female and 8 (44.4%) were male. On admission, Glasgow Coma Scale (GCS), World Federation of Neurosurgery (WFNS) grading and Fisher CT-Score were evaluated. A GCS score of 15 and WFNS grade 1 were found in 14 (77.7%) patients, 3 patients had GCS score of 13 and WFNS grade 2, and 1 patient had an admission GCS score of 8 and WFNS grade of 4 that was due to post SAH hydrocephalus and managed by EVD followed by permanent ventriculoperitoneal shunt. Of the 18 patients, 11 (61.1%) had a grade 2, 1 (5.6%) had a grade 3, and 6 (33.3%) had a grade 4 on the Fisher CT scale (Table 1) . A total of 15 aneurysms (83.3%) were located on the ICA (all of them in the pararaclinoid part), and 3 (17.7%) were located on the basilar artery (Figs. 1 and 2). The mean duration between the onset of SAH and the endovascular procedure was 5.61 AE 5.1 days (range 2-18 days). Two patients (11.1%) developed a hydrocephalus prior to endovascular treatment, 1 was treated with an EVD without the need of a permanent VP shunt, while the other required a permanent VP shunt. Both patients were successfully implanted with single flow diverters. Flow diversion was performed with a Pipeline embolization device (Medtronic, Irvine, CA, USA) in 11 (61.1%) patients, Surpass streamline (Stryker Neurovascular, Fremont, CA, USA) in 4 (22.2%) and SILK plus (Balt Extrusion, Montmorency, France) was used in 3 (16.7%) patients (Fig. 3 ). The type of flow diverter used was selected based on availability of the appropriate size. During hospitalization and follow-up, no complications requiring surgical or medical interventions were observed. At the 6 months followup visit no patient had new neurological deficits. Except for 1 patient (mRS ¼ 2), all had an mRS score of 0 or 1. Follow-up DSA showed complete obliteration of the aneurysms in all patients at 6 months. No instent stenosis in the parent vessels was detected. There were no significant differences in functional outcome as assessed by GCS at discharge and mRS scores at 6 months.
Discussion
Anatomical considerations
Blood blister aneurysms are a rare subgroup of intracranial aneurysms that have aggressive behavior and limited treatment options [10] . These lesions are shallow outpouchings of non-branching arteries, commonly located in the distal ICAs. However, BBAs located in areas other than the distal ICA have been described more recently [11] . Blister-like aneurysms are dangerous lesions with greater re-rupture risk than saccular aneurysms [12, 13] . Within these lesions, the arterial wall is fragile and lacks the internal elastic lamina and media layers. Thus, these lesions impose considerable diagnostic and therapeutic challenges [2, 14] .
Despite the number of surgical approaches that have been described for these type of aneurysms, the risk of intra-operative rupture is significantly elevated due to the small size, fragility, and broad base without an obvious neck [12, 15] .
Technical considerations
Due to the aneurysm's wide neck and weak walls, patients with BBAs are poor candidates for conventional endovascular treatments such as coiling. Many attempts have been made to improve endovascular techniques for the treatment of blister aneurysms.
In a study by Ezaki et al. it was reported that despite successful placement of coils could be performed in one case of a blister aneurysm, follow-up evaluation indicated progressive growth and transformation into a saccular aneurysm [16] . Park et al. reported about seven patients with blister aneurysms who were treated with coil embolization. Subsequently, all patients in their study exhibited regrowth of the aneurysms [17] . McNeely et al. described a blister aneurysm that was treated with detachable coil embolization. In their study, follow-up angiography showed significant regrowth of the aneurysm [18] .
Stent-assisted coiling is associated with a high risk of aneurysm rupture during either catheterization or subsequent coil placement [14, 19] . Sim et al. reported a case of blister aneurysm treated with stent-assisted coiling which showed progressive aneurysm growth during follow-up [20] .
Advantages of flow diversion
Flow diversion offers a new alternative for the treatment of aneurysm with difficult morphologies, including giant, wide-necked, fusiform, and blister types [21] . This technology has a significant impact on outcomes as it can redirect blood flow away from aneurysms and reconstruct the parent vessel [11] . Currently, flow diverters seem to be the most promising technique for stabilizing the arterial wall and minimizing procedural trauma of fragile aneurysms [14] . In a study by Aydin et al., 11 patients with ruptured carotid blister aneurysm were treated with the SILK flow diverter. The procedures were successful in all cases, and control angiographies revealed a complete occlusion of aneurysms in 9 (82%) patients [2] . Also, we had a positive experience with FDDs for treatment of traumatic and iatrogenic internal carotid artery injuries showing that flow diversion is effective in healing vessel wall damages [22] . Although flow diverter implantation creates an immediate hemodynamic effect in the parent artery and aneurysmal sac, progressive thrombosis and complete occlusion of the aneurysm only occurs within weeks after the procedure [23] . During this 'latency period', there is a risk of re-rupture or re-bleeding [14] . The use of flow diverters is associated with favorable outcomes. However, dual antiplatelet requirement limits their application in ruptured aneurysms [10] . Rouchaud et al. performed a meta-analysis of BBAs and showed that flow diversion had a distinct advantage over endovascular reconstructive techniques (i.e. coiling, stenting or stent-assisted coiling), with lower retreatment rates, better mid-to long-term complete occlusion, with similar mid-to long term advantageous clinical outcomes [9] .
Technical challenges of flow diverters
Even though the rupture of a blister aneurysm after treatment with a single flow diverting stent has been reported [24] , efficacy of single device deployment was been shown in a number of case series [9, 25, 26] . On the other hand, multiple overlapping flow diverters may not guarantee prevention of recurrent bleeding [27] . In addition, deployment of multiple flow diverters may increase the risk of thromboembolic events or occlusion of perforators or side branches such as the ophthalmic artery [25] . It will also increase procedure duration. As such, a single flow diverter is preferable unless there is persistent filling on follow-up or the aneurysm is covered incompletely, which did not occur in the present series. Whether flow diverters with higher mesh density like "Surpass" have a therapeutic advantage remains open to question and should be subject to further investigation.
Peri-procedural hemorrhage management
Invasive procedures such as EVDs or VP shunts for patients under dual antiplatelet therapy increase the risk of bleeding 8-9 times [23] . To date, no safe guidelines were established for the management of antiplatelet therapy in these patients. There are numerous reports of hemorrhagic complications due to antiplatelet therapy after endovascular procedures [9, 28] . In the current study, despite the use of dual antiplatelet therapy, no patient had post-stenting hemorrhage. In a study by Tumial an et al., six patients with ruptured aneurysms were treated with endovascular procedures, which were associated with high hemorrhagic complication rates. The authors reported 6 hemorrhagic complications, of which 3 were fatal [29] . In our series, we ensured that all patients were in ideal clinical condition at the time of their flow diverter placement and did not require concomitant invasive procedures such as EVD placement. This approach caused up to 18 days delay to treatment in some cases. None of those patients experienced a re-bleed during that time.
Strategies for favorable functional outcomes
We achieved favorable results in all treated patients except for one (mRS ¼ 2), demonstrating mRS scores of 0 or 1 in the latest clinical follow-up. In our opinion, this was due to ideal clinical conditions at the time of treatment as well as favorable vascular anatomy of the patients selected for FDD. All procedures were performed by neurointerventionalists with extensive experience in flow diverter deployment. Moreover, we were highly selective in terms of timing and choice of the right treatment for each individual case. Complete obliteration of the aneurysm was also achieved in 100% of patients at 6 months. The utility of flow diverters was traditionally limited to patients with unruptured aneurysms. This limitation is most likely explained by the requirement of anticoagulant and antiplatelet drugs. The current study indicates that flow diverter use may be appropriate even in the acute or subacute phase of SAH if anticoagulants and antiplatelets are administered immediately after stenting and no other invasive procedures are indicated.
Limitations
The main limitation is the small sample size and the retrospective nature of the study. Outcome measures were reported from a single center, self-adjudicated, and not compared to a control group, which may invoke the risk of selection bias. Given the rarity of those lesions along with novel treatment technologies applied here, however, we believe this study is a welcome addition to the current literature. Also, we faced limitations regarding availability of sizes for the individual flow diverters requiring the use of 3 different flow diverters at various time points.
Conclusions
The current study indicates that flow diversion is a promising and safe treatment option in patients with BBAs and VSAs in the acute phase of SAH. In selected patients with poor clinical presentation, delaying the treatment until signs of recovery become apparent may be a reasonable strategy. In our study, careful selection of treatment choice and timing was associated with excellent clinical outcomes.
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